Zealand is a high-K andesite volcano with an eruptive history extending over more than 200 kyr. In general, petrological research has concentrated on the post-10 ka record of the modern edifice. This study focuses on the earlier history, which is recorded in 11 major pre-7 ka debris avalanche deposits. Each of these formed as a result of a catastrophic collapse of the edifice of the time. The clast assemblages of these deposits provide insights into the chemical compositions of magmas erupted during the earlier stages of activity of the volcano and form the basis for a new chemo-stratigraphic analysis of the pre-10 ka volcanic succession. Sample suites from the studied debris avalanche deposits show a progressive enrichment in K 2 O and large ion lithophile elements (LILE), reflecting a gradual evolution to high-K andesite. The early magmatic system (pre-100 ka) produced a wide range of compositions including relatively primitive basalts and basaltic andesites.These rocks contain phenocryst assemblages that indicate crystallization within the lower crust or mantle, including a broad range of clinopyroxene compositions, high-Al 2 O 3 hornblende, olivine and phlogopite. A higher proportion of high-silica compositions in the younger sample suites and the appearance of late-stage, low-pressure mineral phases, such as high-TiO 2 hornblende, biotite and Fe-rich orthopyroxene, reflect a gradual shift to more evolved magmas with time.These new data are interpreted to reflect a multi-stage origin for Taranaki andesites. Parental magmas were generated within a lower crustal 'hot zone' , which formed as a result of repeated intrusions of primitive melts into the lower crust. The geochemical and mineralogical evidence indicates that prior to 100 ka this zone was relatively thin and cold, so that primitive magmas were able to rise rapidly through the crust without significant interaction and modification. As the hot zone evolved, larger proportions of intruded and underplated mafic material were partially remelted, and interaction of these melts with fractionating mantle-derived magmas generated progressively more K-and LILE-enriched compositions. A complex and dispersed magma assembly and storage system developed in the upper crust where the hot-zone melts were further modified by fractional crystallization and magma mixing and mingling.
I N T RO D UC T I O N
Mt. Taranaki/Egmont Volcano, in North Island New Zealand is a high-K andesite stratovolcano that has been active for more than 200 kyr (Zernack et al., 2011) . Petrological studies carried out over the past two decades have focused on the 510 ka lava and pyroclastic succession that forms the present cone (Price et al., 1992; Stewart et al., 1996; Platz et al., 2007a Platz et al., , 2007b Turner et al., 2008a) and on comparisons with the andesite volcanoes of the central North Island (Price et al., 1992 (Price et al., , 2005 Stewart et al., 1996) . Owing to poor stratigraphic control, only a few samples from the surrounding older ring-plain deposits were included in these earlier studies (e.g. Price et al., 1999) .
There is potential for confusion with regard to use of 'Taranaki' as a geographical and geological term. The 2518 m high peak named 'Mount Egmont' by explorer James Cook is now more commonly referred to by its Maori name of Taranaki, which is also the name given to the western North Island province surrounding the mountain. Here we refer to the present-day volcanic edifice as Taranaki or Taranaki Volcano and to the surrounding region as Taranaki Province. Taranaki Volcano is the youngest of a linear chain of volcanoes making up the Taranaki volcanic lineament and it is surrounded by an extensive ring plain of pyroclastic, lahar and debris avalanche deposits covering most of western Taranaki Province.
The stratigraphy developed for the older ring-plain succession (Neall, 1979; Neall et al., 1986; Alloway, 1989; Alloway et al., 2005) and the more recently defined debris avalanche record (Zernack et al., 2009 (Zernack et al., , 2011 provide the context for this study, which extends the geochemical and mineralogical record into the early magmatic history of Taranaki Volcano. Each large-scale debris avalanche event provides an instantaneous sample of the compositional variety on the slopes of the growing edifice at a specific moment in time. Here we present petrographic descriptions, together with major, trace, and rare earth element analyses and radiogenic isotope ratios, for debris avalanche clasts and use these data to investigate the composition of the pre-7 ka Taranaki edifices. These data allow us to trace the evolution of the Taranaki system from inception to mature stages of volcanism.
G E O L O G I C A L B AC KG RO U N D Tectonic setting
Taranaki is the youngest of four andesite stratovolcanoes that form a NW^SE-trending, c. 1·8 Ma lineament (Neall, 1979) in Taranaki Province on the western coast of the North Island (K-T in Fig. 1a ). The Taranaki volcanic succession, which represents the most westerly expression of subduction-related volcanism in New Zealand (Hatherton, 1969) , is situated c. 180 km west of the trench marking the boundary between the Australian and Pacific Plates and c. 140 km west of the Taupo Volcanic Zone (TVZ), the main locus of subduction-related volcanism in the North Island (Fig. 1b) . Taranaki lies 180^250 km above a westward-dipping Wadati^Benioff zone (Adams & Ware, 1977; Boddington et al., 2004; Reyners et al., 2006) . It has long been recognized as a high-K, calc-alkaline arc volcano and was used by Dickinson & Hatherton (1967) in their proposal for a correlation between K 2 O content and depth to the Wadati^Benioff zone (the K^h relationship). However, recent data have shown that there is no definable Wadati^Benioff seismic zone directly beneath the volcano (Sherburn & White, 2005) and Stern et al. (2006) have suggested that Taranaki magmatism might not be directly related to the present-day subduction system but could instead be associated with lithospheric delamination. The Taranaki Province volcanoes have also been interpreted as a remnant of an earlier arc, primarily because the Taranaki volcanic lineament parallels the Waitakere and Northland arcs (Briggs et al., 1989; Hochstein et al., 1989; Booden et al., 2011) rather than the NNE^SSW-trending TVZ (Cole, 1982) . Wallace et al. (2004) have suggested that subduction zone kinematics along the Hikurangi margin are only partly controlled by the largescale tectonic convergence of the Australian and Pacific Plates. Instead, they argued that stress regimes and deformation processes in the North Island are dominated by the clockwise rotation of several mobile tectonic blocks (including an independent Wanganui^Taranaki block) relative to the Australian Plate. This tectonic model may also provide an alternative explanation for magmatism in Taranaki Province.
Eruptive history and products
The modernTaranaki edifice is made up of lavas and pyroclastic deposits that are mostly younger than 14 ka (Neall, 1979; Stewart et al., 1996; Price et al., 1999; Platz et al., 2007a; Turner et al., 2008a) . However, these deposits represent only a small component (c. 12 km 3 or 58%; Neall et al., 1986; Zernack et al., 2009 ) of the total volume erupted from the volcano during its 200 kyr history. The record of older volcanic activity is preserved in the ring-plain surrounding the modern cone (Fig. 1a) . This large volcaniclastic apron comprises 4150 km 3 of debris avalanche, lahar and fluvial deposits . Volcanic debris avalanches, attributed to sector collapse events of former edifices, contributed the greatest volumes of volcaniclastic material to the Taranaki ring-plain. Overall, at least 15 widespread debris avalanche deposits are now recognized within the ring-plain record (Zernack et al., 2011) , as well as a number of cohesive (clay-rich) debris flow deposits (Table 1) . This suggests that a major edifice failure occurred on average every 13 ka with an apparent higher frequency of such events since 40 ka, although this trend may simply be a function of the more complete preservation of the younger part of the record (Zernack et al., 2011) . The deposits range from small units (50·1km 3 ) emplaced by debris flows to rare, exceptionally large diamictons (47·5 km 3 ) deposited by debris avalanches, with minimum runout distances of up to 45 km onshore and deposit thickness of 2·5 to 416 m in medial coastal cross-sections (Neall, 1979; Neall et al., 1986; Ui et al., 1986; Alloway et al., 2005; Procter, 2009; Zernack et al., 2009 Zernack et al., , 2011 . Throughout the 200 kyr history of eruptive activity at Taranaki, explosive (vulcanian to subplinian) and extrusive (lava flows and domes) events have produced lithologies ranging from vesicular red and black scorias, pale grey and yellow^brown pumices to dense and holocrystalline, porphyritic lavas of basaltic andesite to andesite composition Stewart et al., 1996; Platz et al., 2007a) . Xenoliths are common within the deposits and include peridotite, pyroxenite, amphibolite, gabbro and diorite representing the subvolcanic lithospheric mantle and crust and mostly showing textural evidence of metamorphism (Gru« nder et al., 2010) . Taranaki lavas are holocrystalline to hypocrystalline with crystal contents of 25^55% Stewart et al., 1996; Platz et al., 2007a) . Phenocryst assemblages are dominated by plagioclase, clinopyroxene, titanomagnetite and hornblende with accessory apatite and zircon; olivine is present in more primitive lavas whereas orthopyroxene is rare. Typical glomerocrysts comprise clinopyroxene AE titanomagnetite AE plagioclase AE olivine with rare amphibole.
The geochemical composition of Taranaki Volcano ranges from high-alumina basalt to andesite and is dominated by high-K basaltic andesite . K 2 O abundance varies with time and magmas became progressively more K-rich with decreasing age (Price et al., 1992 . Overall, Taranaki lavas are markedly more potassic than andesites at Ruapehu in the TVZ (Price et al., , 2005 . The trace element distribution in the Taranaki volcanic rocks shows the distinct signature characteristic of subduction-related magmas; that is, enrichment in strongly incompatible large ion lithophile elements (LILE) such as Rb, Ba and K, strong depletion in Nb relative to K and Th, enrichment in Pb over Ce, and enrichment of light rare earth elements (LREE) over heavy rare earth elements (HREE) and Y . Their relatively low Mg-number [100 Â mol. MgO/ (MgO þ FeO)] and low Ni and Cr contents indicate that most Taranaki magmatic rocks are highly evolved and lack the characteristics of primitive arc magmas (Price Neall & Alloway, 2004) , showing the Taranaki volcanic lineament consisting of Kaitake Volcano (K), Pouakai Volcano (P) and Taranaki (T) with its satellite vent Fanthams Peak (F), the distribution of volcaniclastic ring-plain deposits, and the location of northern and southern areas where debris avalanche deposits have been mapped and sampled in detail. (b) Tectonic setting of the Kermadec^New Zealand (Hikurangi) subduction system with the Taupo Volcanic Zone at its southern end and Taranaki to the west (modified from Smith & Price, 2006) . Arrows indicate the direction and rate (mm a
À1
) of present-day plate convergence (from Parson & Wright, 1996 . A few rocks with elevated MgO, Ni, and Cr concentrations appear to be contaminated with cumulate olivine or xenocrystic olivine either from earlier primitive basaltic intrusions or from the lithospheric mantle rather than being representative of primary melts . These geochemical characteristics indicate that the primary Taranaki magmas were sourced from a depleted mantle wedge fluxed by slab fluids or from lithosphere modified by earlier subduction. Magmas represented by Taranaki andesites have been interpreted to have evolved through a combination of fractional crystallization accompanied by crustal assimilation with further modification by magma mixing in a complex crustal plumbing and storage system Price et al., 1999; Turner et al., 2008a) .
D E B R I S AVA L A N C H E D E P O S I T S : S A M P L I N G ST R AT E GY
A new stratigraphic framework developed for the ring-plain deposits by Zernack et al. (2011) has provided the basis for sampling the older volcanic products of Taranaki. Eleven of the known 15 debris avalanche deposits generated by large collapse events have been sampled from coastal ring-plain successions around the volcano (Table 1) . Depending on accessibility of the sample location, availability of fresh, unaltered clasts and variety of lithologies, between 10 and 31 rock samples were analysed from each debris avalanche unit. Because of restricted outcrops and strong weathering, only four samples were collected from the Oeo Formation.
In Taranaki Province, debris avalanche deposits are distinct, widespread and more easily correlated than lahar units, which commonly represent single-catchment restricted deposits of uncertain provenance and are hence difficult to trace and date (see Zernack et al., 2011) . Debris avalanche deposits contain clast assemblages that represent the diversity of lithologies that made up the edifice prior to a failure event. Regrowth of the edifice between major collapse events means that each avalanche deposit provides a temporal sample of the evolving volcanic system. Furthermore, as they have occurred frequently and from the earliest stages of volcanism, the deposits provide a semi-continuous record that spans most of the known age range of the volcano.
Debris avalanche deposits vary from matrix-to clast-supported breccias with clasts ranging in size from large boulders up to tens of meters in diameter down to centimetre-sized fragments Alloway et al., 2005; Procter, 2009; Zernack et al., 2009) . As the basis for the study reported in this paper we have sampled single debris avalanche deposits for a range of as many different lithologies as possible. A limitation to this approach is that each time-constrained debris avalanche deposit is derived from the collapsed section of a former edifice, which represents a time interval during which the volcano grew, so there is potential for samples to have overlapping age ranges. Younger debris avalanches may have incorporated material from older units along the runout path during flow or from older parts of the edifice that had not been affected by the previous failure(s).
A NA LY T I C A L M E T H O D S
Whole-rock geochemical data were acquired by X-ray fluorescence (XRF) analysis and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Rock samples from which weathered surfaces had been removed were soaked in distilled water, rinsed and dried. The samples were then crushed between tungsten carbide plates and ground in a tungsten carbide ring grinder. Fused glass discs were prepared using a La-free 1220 flux from Spectrochem, and following XRF analysis these were stacked, glued together, sectioned and polished for ICP-MS analysis. Major and trace element concentrations were analysed by XRF using an SRS 3000 spectrometer *Ages of debris avalanche deposits from Zernack et al. (2011) . yDebris avalanche units not sampled owing to inaccessibility. zData of edifice lava flow, BAF and tephra samples from Price et al. (1999) , Platz (2007) and Turner (2008) . §Data of Fanthams Peak lava flows from Price et al. (1999) , Rosenthal (2005) and Turner (2008) . n.a., not applicable.
at the University of Auckland. Matrix correction procedures for major elements followed the method of Norrish & Hutton (1969) . A suite of 36 international standards was used for calibration. Data reduction used Siemens SPECTRA 3000 software; the Compton scatter of X-ray tube line Rh Kb 1 was used to correct for mass attenuation and appropriate corrections were used for those elements analysed at energies below the Fe absorption edge. For XRF major oxide analysis precision is generally better than 1% (at 2s) and for trace elements it is 1% for Sr and Zr, 1^3% for V, Cr, Zn and Y, 3^5% for Ba, and 5^10% for Rb and Nb. Detection limits are 52 ppm for Rb, Sr, Y, Zr and Nb, 2^5 ppm for V, Cr, and Zn, and 5^10 ppm for Ba. Accuracy was monitored by repeat analyses of well-documented standard rocks. LA-ICP-MS was carried out at the Australian National University, Canberra, on fused glass discs using an EXCIMER laser operating in the UV spectrum at a wavelength of 193 nm and beam size of 54 mm. The method is essentially that described by Eggins et al. (1998) . A standard of NIST 612 was run after every 10 analyses and to accommodate machine drift a linear interpolation of the counts between two standards that bracket the set of unknowns was employed. SiO 2 concentrations obtained by the XRF method were used as an internal standard to calibrate for laser variation. A BCR-2 glass standard (independently prepared) was analysed every 20 analyses to provide an independent calibration. Indicated precision is 0·3^0·7% (RSD) for the REE, 0·1% for Sc, 0·6% for Nb, 0·8% for Hf, 50·5% for U and Th, and 0·8% for total Pb. The correlation between XRF analyses and LA-ICP-MS results for the suite of elements in common (Ba, Rb, Sr, Zr, Nb, Y, Cr, Ni) is 499%. Radiogenic (Sr, Nd and Pb) isotope data for selected samples were obtained at the University of Melbourne, using procedures similar to those described by Maas et al. (2005) . Powders (for Sr and Nd, 60^100 mg) and chips (for Pb, 60^100 mg) were acid leached with 6 M HCl (1008C, 60 min); this relatively harsh leaching protocol is used routinely in this laboratory and has been shown to remove even severe alteration. Residues were rinsed and dissolved on a hotplate (2 ml of 3:1 HF^HNO 3 for 2 days at 1108C and 6 M HCl for 1 day). Pb, Nd and Sr were extracted using a combination of anion exchange (AG1-X8, 100^200 mesh, HBr^HCl) and EICHROM RE-, LN-and SR-resin chromatography (Manhes et al., 1978; Pin et al., 1994; Pin & Santos-Zalduegui, 1997) . Total analytical blanks were all below 100 pg and therefore negligible.
Sr, Nd and Pb isotopic ratios were measured on a Nu Instruments multi-collector (MC)-ICP-MS system coupled to a CETAC Aridus desolvating nebulizer (Woodhead, 2002; Maas et al., 2005) , with typical sensitivity of 1001 50 V ppm À1 Sr, Nd or Pb. Data were acquired in static multi-collection mode on 60^100 ppb analyte solutions. Vance & Thirlwall, 2002) , using the exponential law. SRM987-Sr and La Jolla-Nd were measured repeatedly (4^5Â) in each analytical session and averaged 0·710170 and 0·710156, and 0. 511840 and 0·511830, respectively. Results for unknowns measured in the same sessions are adjusted for instrument bias to be consistent with SRM987 ¼ 0·710230 and La Jolla Nd ¼ 0·511860. The Japanese Geological Survey Nd isotope standard J-Nd-1, measured twice with the present sample set and adjusted for laboratory bias as described above, averaged 0·512104 AE16, close to the recommended ratio (0·512117; Tanaka et al., 2000) . Other international isotopic standards routinely measured in this laboratory (but not with the present sample set) also yield results consistent with reference values (Raczek et al., 2003; Elburg et al., 2005) ; for example, BCR-1 (0·705016 AE 46, 0·512641 AE18), BHVO-1 (0·703478 AE 36, 0·512998 AE18) and E&A Sr carbonate (0·708005 AE 47); quoted errors are 2SD of several repeat runs. Based on these results, external precisions (AE2SD) are estimated as AE0·000040 (Sr) and AE0·000020 (Nd). Mass bias during MC-ICP-MS analysis of Pb isotope ratios was corrected using the thalliumdoping technique, which produces data accurate to AE0·03% (2s), relative to the SRM981 composition reported by Woodhead (2002) .
Mineral and glass compositions of clasts were determined by energy-dispersive spectrometry methods using a Jeol JXA-840A electron microprobe at the University of Auckland, New Zealand. The analytical spectra were collected using a Princeton Gamma Tech Prism 2000 Si(Li) EDS X-ray detector. An accelerating voltage of 15 kV, beam current of 600 pA and 100 s live time count were used. A focused beam with a 2 mm diameter was used for mineral analyses.
P E T RO G R A P H Y A N D M I N E R A L C H E M I ST RY Petrography
Volcanic lithologies within the debris avalanche deposits display a range in vesicularity, reflecting both explosive and effusive origins. Andesite clasts are light to dark grey, mostly dense and hard, and rarely vesicular. Rock textures vary from glassy and aphyric to crystal-rich with fine-to coarse-grained (50·1 to 3 mm) phenocrysts. Basaltic andesite samples include pumice or scoria and lavas. Clasts are generally grey to black but some are red or brown and oxidized. Most are glassy and they range from dense and hard to very vesicular and aphyric to crystalline. Basalt samples are dark grey to black, aphyric to crystalline and dense to vesicular. Most basaltic rocks are hard, glassy and porphyritic.
In thin-section these debris avalanche clasts are holocrystalline to more commonly hypocrystalline. They have hyaline or largely hypocrystalline groundmasses, consisting of microphenocrysts and small proportions of interstitial colourless or pale to dark brownish glass. Some rocks show seriate textures but most are porphyritic; fluidal and intersertal textures are also present. Phenocryst contents range from 25 to 55% with the most abundant mineral phase being plagioclase. Other common minerals in order of abundance are clinopyroxene, titanomagnetite, hornblende and olivine. Phlogopite, biotite and orthopyroxene are rare; accessory apatite is common. Groundmass constituents comprise glass, plagioclase, clinopyroxene, titanomagnetite and, in some cases, traces of olivine. Glomerocryst mineral assemblages typically include clinopyroxene þ titanomagnetite (AE plagioclase AE olivine AE hornblende), clinopyroxene þ plagioclase (AE olivine), hornblende þ clinopyroxene, plagioclase, hornblende, hornblende þ plagioclase, olivine þ titanomagnetite, hornblende þ titanomagnetite, hornblende þ olivine þ plagioclase, and less commonly hornblende þ plagioclase þ biotite. The most abundant phenocryst assemblage comprises plagioclase þ clinopyroxene þ hornblende þ titanomagnetite with mineral proportions varying from clinopyroxene4hornblende to hornblende4clinopyrox-ene. Other commonly observed phenocryst assemblages are plagioclase þ clinopyroxene þ hornblende þ olivine þ titanomagnetite (with varying proportions of clinopyroxene, hornblende, olivine and varying degrees of hornblende resorption) and plagioclase þ clinopyroxene þ olivine þ titanomagnetite. Mineral compositional variation and textures are outlined in Table 2 .
Mineral chemistry
The mineral compositions of selected samples from within the two oldest Taranaki debris avalanche deposits, the Motunui and Okawa Formations, were studied in detail to compare them with the young (58 ka) eruptive rocks of the modern cone. Representative analyses of phenocryst and groundmass mineral compositions in clasts from these two units are given in Table 3 Plagioclase crystals show a broad range of compositions ( Fig. 2a) and are commonly zoned. Zoning varies from normal to reverse and is commonly oscillatory. The most calcic plagioclase compositions (An 92^88 ) are found in cores of large, strongly zoned crystals (Fig. 2b) . The lowest An contents (An 39^33 ) were observed in plagioclase rims and smaller crystals within the groundmass of andesites.
Clinopyroxenes are predominantly augite, with diopside compositions typically found in crystal cores (Fig. 3a) .
Clinopyroxene crystals are relatively homogeneous and are either unzoned or slightly zoned from Mg-rich cores to Fe-enriched rims (Fig. 3b) . Reverse zoning is common. The most iron-rich compositions (Fs 14^18 ) occur in a basaltic andesite that contains only microphenocrystic clinopyroxene and in the two highest-silica andesite rocks of the analysed sample suite. More magnesian clinopyroxene (En 49^51 ) is limited to lower-silica basaltic andesite or basalt.
Orthopyroxene is a rare component in the Taranaki volcanic rocks (see Neall et al., 1986; Stewart et al., 1996) and was found in only two samples (Fig. 3a) . In a basaltic andesite it occurs in the core of a resorbed hornblende and also mantles clinopyroxene and olivine crystals; it has a narrow compositional range (En 75^76 ). Orthopyroxene mantling olivine in a basalt sample is slightly less magnesian (En 72 ).
Amphibole is present in most samples and shows various degrees of resorption^reaction and recrystallization. On an Al VI vs Ti diagram, amphibole analyses form two distinct fields; one population clusters at high Al VI and low Ti contents whereas a larger group shows lower Al VI and higher Ti abundances (Fig. 4a) . Most of the amphibole analysed is pargasitic in composition with only a few analyses plotting in the field of magnesiohastingsite or edenite (after Leake et al., 1997) . Mg^Fe zoning is weak but core and rim compositions differ more distinctly in Al 2 O 3 and TiO 2 (Fig. 4b) .
The most abundant Fe^Ti oxide observed in debris avalanche samples and in Taranaki rocks in general is titanomagnetite, which varies widely in composition (Fig. 5a ). Ilmenite was not observed.
Olivine occurs in basalts and basaltic andesites of the debris avalanche sample suites and typically has low CaO contents (Fig. 6a) . Normal zoning is common, with rare inversely zoned or unzoned crystals (Fig. 6b) . Biotite, which was observed in only one higher-silica andesite of the debris avalanche sample suites, is annite^phlogopite in composition (see Rieder et al., 1998) based on Al IV and Mg-number (Table 3) . Phlogopite is also rare and was microscopically identified in a rock of basaltic composition. Apatite is a common accessory mineral in debris avalanche samples, with contents of Cl and SO 3 in the range of 0·8^2·4 wt % and 0^0·4 wt %, respectively. Accessory pyrite and Fe^Mn-rich carbonates were also observed, with the latter representing solid solutions between siderite and rhodochrosite end-members (Table 3) .
Groundmass glass of samples with a hyaline matrix has silica contents ranging from 51·5 to 75 wt % compared with slightly higher SiO 2 (57·7^76·5 wt %) for glass inclusions in hornblende and clinopyroxene phenocrysts (Table 3) . Glass inclusions also show a narrower range of Al 2 O 3 contents (12·2^17·5 wt %) than is observed in analysed groundmass glass (12·6^29·4 wt %).
B U L K-RO C K C O M P O S I T I O N S
In terms of K 2 O vs SiO 2 variation (Fig. 7) , the debris avalanche clasts range in composition from medium-K, low-Si basalts to high-K, high-Si andesites, with the majority of samples plotting in the field of high-K, low-Si basaltic andesites (Gill, 1981) . SiO 2 content varies from 48·65 wt % for the most primitive to 60·54 wt % for the most evolved rocks. The oldest suites from Taranaki Volcano (Mangati, Motunui and Okawa debris avalanche deposits) display the broadest range of compositions (48·65 8·8 wt % SiO 2 ). They also include more primitive rocks and low-Si compositions that are generally absent from the younger suites ( Fig. 7c ), except for a basalt clast found within the Ngaere debris avalanche deposit and basaltic lava flows from the Fanthams Peak satellite vent (see Price et al., 1992 Price et al., , 1999 Rosenthal, 2005) . In contrast, the younger units comprise a markedly higher proportion of andesite. The gradual shift to more evolved compositions with decreasing age is characterized by increasing K 2 O contents ( Fig. 7c ). Potassium contents vary from 1·16 wt % in older to 2·5 wt % in younger debris avalanche clasts and up to 3·25 wt % for the youngest eruptive rocks (Platz et al., 2007a) .
Major elements
Variability in Taranaki whole-rock major element abundances is illustrated using silica variation diagrams (Fig. 8 ). Representative whole-rock analyses are given in Table 4 and complete datasets are provided as Electronix Appendix 2. TiO 2 , FeO total , CaO and MgO behave compatibly and show systematic decreases in abundance with increasing SiO 2 content (Fig. 8 ), whereas Na 2 O and K 2 O variations are characterized by a positive correlation with SiO 2 (Figs 7 and 8). On the MgO vs SiO 2 diagram there is a suggestion of a change in slope for the overall trend at 535 4 wt % SiO 2 . There is considerable scatter in Al 2 O 3 content among samples with SiO 2 552 wt %, with four samples having relatively low Al 2 O 3 abundances. For the rest of the samples, Al 2 O 3 content is almost constant except for one high-silica andesite with a relatively high Al 2 O 3 abundance. MnO abundances are relatively constant at varying SiO 2 contents. Generally, there appears to be a wider scatter of major element distributions at lower SiO 2 abundances, except in the case of FeO total , which has a very narrow range, and K 2 O, which shows more scattered behaviour. P 2 O 5 content shows a poor negative correlation with SiO 2 abundance.
Trace elements
The variation of trace elements in the Taranaki debris avalanche samples is displayed in Fig. 9 . Rb and Zr abundances increase with increasing SiO 2 contents and although the data points are more scattered, Ba abundances are also generally correlated with SiO 2 contents (Fig. 9 ). Rb and Ba variation is similar to that of K 2 O (see Fig. 7 ). Sr contents show a wide scatter and overall no Stewart et al., 1996; Platz, 2007; Turner, 2008 (Fig. 9) . The chondrite-normalized REE patterns of the analysed debris avalanche clasts ( Fig. 10b and c) are characterized by enrichment of LREE relative to HREE with (La/ Yb) n ¼ 3·1^10·0. The chondrite-normalized HREE abundances define a relatively flat profile with a gentle decrease in normalized abundances from Eu to Dy and almost constant proportions of Ho^Lu. A weakly developed negative Eu anomaly (Eu/Eu* ¼ 0·83^0·98) is present in the normalized REE patterns of most Taranaki samples and two rocks show a slightly positive anomaly (Eu/Eu* ¼ 1·03 and 1·05, respectively).
The normalized extended trace element diagrams for the Taranaki debris avalanche sample suites ( Fig. 10e and  f) show a strong enrichment of LILE such as Cs, Rb, Ba and K and, to a lesser extent, Sr relative to normal mid-ocean ridge basalts (N-MORB). Nb has N-MORBlike abundances and is strongly depleted relative to K, Th, U and Pb. Pb and, to a lesser extent, Sr are enriched over Ce. Ti, Y and Yb are depleted relative to N-MORB. Overall, the trace element distributions are characterized by relatively high proportions of LILE and LREE, with the abundances of high field strength elements (HFSE) such as Nb, Zr, Ti, Y and HREE approaching N-MORBlike values. The patterns are very similar to those observed in the young (58 ka) Taranaki lavas (see Fig. 10a and d ; Price et al., 1992 Price et al., , 1999 Price et al., , 2005 . The strong depletion in Nb relative to La, K, Th and Pb, enrichment in Pb and Sr over Ce, and enrichment of LREE over HREE and Y is characteristic of subduction-related magmas (e.g. Pearce, Stewart et al., 1996; Platz, 2007; Turner, 2008) . (b) Histogram comparing the ulvo« spinel content in titanomagnetites of the young 58 ka eruptive rocks with those from the Motunui and Okawa debris avalanche clasts. Stewart et al., 1996; Platz, 2007; Turner, 2008 1982; Sun & McDonough, 1989; McCulloch & Gamble, 1991) .
S r^N d^P b I S O T O P I C C O M P O S I T I O N S
Fifteen basalt and basaltic andesite samples from debris avalanche deposits were analysed for their Sr and Nd isotopic composition; Pb isotopic compositions were determined for nine of these samples (Table 5) . Compared with the variation observed in TVZ andesites, isotope data for young (58 ka) Taranaki lava flows are relatively uniform; 87 Sr/ 86 Sr ranges from 0·703781 to 0·705041, 143 Nd/ 144 Nd is between 0·512770 and 0·512977 and 206 Pb/ 204 Pb ranges from 18·729 to 18·889 (Price et al., 1992 . Among the analysed Taranaki debris avalanche samples, 87 Sr/ 86 Sr ratios range from 0·703605 to 0·704742 (Table 5 ). Three basalts of the oldest Taranaki debris avalanche deposits (marked by the grey field in Fig. 11b (Fig. 11a ), which contrasts with the behaviour in the lava flow sequences of the young (58 ka) Taranaki edifice . Overall, and with the exception of three basalt samples, there appears to be a weak correlation between 87 Sr/ 86 Sr ratios and stratigraphic position, with Sr in clasts from debris avalanche deposits becoming slightly more radiogenic with decreasing age. Young (58 ka) Taranaki lavas also show an increase in 87 Sr/ 86 Sr ratio with decreasing age (Price et al., 1992 ). Relative to Ruapehu, 143 Nd/ 144 Nd isotopic compositions (Gill, 1981) for the Taranaki debris avalanche clasts and young eruptive rocks (edifice and Fanthams Peak data from Price et al., 1992 Price et al., , 1999 Stewart et al., 1996; Platz, 2007; Turner, 2008 (Table 5 ). The Fig. 11c and d) . As is the case for the Sr and Nd isotopic data, trends or correlations with major and trace elements could not be recognized owing to the restricted compositional range and the limited number of analysed samples.
D I S C U S S I O N
To allow for a comprehensive interpretation of the magmatic evolution of Mt. Taranaki from its early stage to the present day, we have included datasets of 58 ka edifice-building eruptive rocks from Price et al. (1999) , Platz (2007) and Turner (2008) in the following discussion. These rocks record a substantial part of the latest eruptive^magmatic history of the volcano that is not represented in the 47·5 ka debris avalanche sample suites. However, some significant differences between the debris avalanche and young sample suites in terms of eruptive volumes, age ranges and quantities of data points need to be taken into account when comparing the datasets. The young data consist of a large number of samples from only a few deposits; that is, relatively small-volume tephras, lava dome eruptive rocks, block-and-ash-flow deposits and some more voluminous lava flows that for the most part form the surficially exposed proportion of the modern edifice. In contrast, the clast assemblages in the debris avalanche deposits represent single samples of a large range of eruptive units (with an overall much larger volume) that were erupted over thousands to tens of thousands of years and made up an entire sector of the edifice at the time. For example, the 51ka edifice suite, consisting of 98 samples of mostly dome-related products from some 10 separate eruptive episodes with a total volume of 50·01km 2 (Platz, 2007) , would most probably be represented by a maximum of 2^3 clasts in a debris avalanche deposit.
Compositional variation with time
Taranaki is recognized as a high-K arc volcano and was originally used by Dickinson & Hatherton (1967) to suggest that K 2 O abundances in subduction-related volcanic rocks can be used to estimate depth to the subducting slab (the K^h relationship). Later studies showed that K 2 O behaviour in the Taranaki volcanics is time-rather than slab depth-dependent (Price et al., 1992 (Price et al., , 2005 Stewart et al., 1996) . The debris avalanche sample suites described here allow a more detailed reconstruction of systematic changes in the magmatic composition of the eruptive rocks over a longer time span. Variations in K 2 O contents continue to be the most distinctive temporal geochemical trend observed.
The K 2 O content vs SiO 2 abundance for Taranaki debris avalanche deposits and for young (58 ka) lavas and tephras that form the present-day edifice is shown in Nd) CHUR ¼ 0·512638 (Wasserburg et al., 1981; DePaolo, 1988) . §External precision based on repeated measurements of SRM981. Fig. 11 . Isotopic data for selected Taranaki debris avalanche clasts (in black) in comparison with edifice and ring plain samples from Price et al. (1992) (Fig. 7b) . From oldest to youngest, the debris avalanche sample suites each generate regression trends with an overall progressive shift to higher K 2 O abundance for a given SiO 2 content, with the largest increase in the mid-Holocene units (58 ka). The data arrays for the youngest debris avalanche deposits (in particular, the Opua suite) overlap with the data fields for the edifice-building (58 ka) lavas and tephras; however, the youngest eruptive rocks (5 1ka) define a distinct high-K 2 O suite. Although there is some overlap in the observed range of K 2 O and Si 2 O abundances, histograms clearly illustrate the gradual enrichment in potassium and a shift to more evolved compositions from the oldest to the youngest Taranaki eruptive rocks (Fig. 7c) . The lavas erupted from Fanthams Peak exhibit low-silica compositions similar to basalts from the 4100 ka debris avalanche deposits but they have markedly higher K 2 O contents, comparable with the basalt of the Ngaere Formation. Abundance patterns for most LILE are coupled with those of K 2 O and display similar trends with time. This is particularly so for Ba, Rb and Cs (Fig. 12a) , whereas other highly incompatible elements such as La, Pb, Th and U show a more subdued correlation with age and an overall greater overlap of sample compositions (Fig. 12b) . Typically, the youngest suites show the most distinct increase and steeper fractionation trends, with the oldest units displaying the widest range of LILE and highly incompatible element abundances. Other incompatible components such as Na 2 O, Sr and some HFSE such as Ti, Zr, Hf, Nb and Ta do not show these distinct age-related trends; instead, single stratigraphic suites form strongly overlapping fields ( Fig. 12c and d) . The variation of Al 2 O 3 abundance is complex and contrasts between stratigraphic suites seem to reflect different fractionation trends at varying SiO 2 contents or, more likely, different degrees of plagioclase accumulation, rather than age trends (Fig. 12c) . Transition metals and other elements that might be expected to behave compatibly during crystalm elt-controlled processes show similar behaviour for all age groups and do not distinguish single stratigraphic units.
Fractionation trends
The major element and some of the trace element behaviour observed on silica variation diagrams is broadly consistent with control by crystal^melt fractionation (see Bowen, 1928; Gill, 1981; Gamble et al., 1990) and for young (58 ka) Taranaki lava flows Price et al. (1999) modelled major and trace element variations in terms of plagioclase^pyroxene^amphibole and titanomagnetite fractionation. There is, however, a growing body of opinion that for andesitic volcanic suites the whole-rock compositions are unlikely to correspond directly to points on a simple liquid line of descent (Arculus et al., 1995; Stewart et al., 1996; Davidson et al., 2005) and consequently mathematical models that attempt to explain whole-rock geochemical variation in terms of simple fractional crystallization may not be appropriate for andesitic suites. Whole-rock andesite compositions are very likely to represent complex magmas made up of melts and crystals derived from a range of sources and involving a number of processes including fractional crystallization.
For the debris avalanche deposit suites described here, the negative correlation of TiO 2 content with SiO 2 abundance can be attributed to fractionation of titanomagnetite and, to a lesser extent, to hornblende fractionation. On the TiO 2 vs SiO 2 diagram (Fig. 8 ) the steeper slope at lower SiO 2 contents might indicate that in these less evolved compositions a higher proportion of titanomagnetite was involved in the fractionated mineral assemblage. Fractionation of olivine (at lower SiO 2 abundances), clinopyroxene and titanomagnetite as well as hornblende can explain the systematic decrease of FeO total at higher SiO 2 abundance. The negative relationship between MgO and SiO 2 can be attributed to olivine, clinopyroxene and hornblende fractionation and, on the MgO vs SiO 2 diagram (Fig. 8) the steeper slope at lower SiO 2 content could reflect a higher proportion of olivine in the fractionating assemblage. CaO is predominantly bound in plagioclase and clinopyroxene and, to a lesser extent, in hornblende. Fractionation of these phases would result in the negative correlation between CaO and SiO 2 observed in Fig. 8 . Early fractionation or accumulation of olivine and clinopyroxene explains the variations in FeO*, MgO, Ni and Cr abundance among the lower SiO 2 compositions (Figs  8 and 9 ). Further fractionation of olivine and clinopyroxene would explain systematic depletion of FeO*, MgO, Ni and Cr and enrichment in SiO 2 , Na 2 O and K 2 O. On the CaO vs SiO 2 diagram the slope reflects both clinopyroxene and plagioclase fractionation. The increase of Al 2 O 3 at lower SiO 2 abundances is likely to indicate initial suppression of plagioclase crystallization owing to high P H2O (Kudo & Weill, 1970; Baker & Eggler, 1987; Housh & Luhr, 1991; Sisson & Grove, 1993; Panjasawatwong et al., 1995) , whereas at higher SiO 2 abundances the relatively constant Al 2 O 3 contents together with falling CaO and Sc abundances are consistent with fractionation of both clinopyroxene and plagioclase. Hornblende and titanomagnetite fractionation explains the negative correlation between TiO 2 , Sc and V contents and SiO 2 abundance (Figs 8 and 9 ). The variability of Sr abundance is likely to reflect variable amounts of plagioclase accumulation and fractionation. K 2 O, Ba, Rb, and the LREE are incompatible in olivine, clinopyroxene, hornblende, plagioclase and titanomagnetite. Consequently, their abundances should be expected to increase with increasing SiO 2 content.
Variations in mineral compositions
Mineral assemblages and mineral compositions are sensitive to pre-and syn-magma ascent conditions and record responses to variations in pressure, oxygen fugacity, melt composition, temperature and magma ascent rate. These changes are reflected in textures as well as in the compositional zoning of single crystals and the compositions of each of the mineral phases. A comparison of the petrology of young (58 ka) Taranaki eruptive rocks Platz, 2007; Turner, 2008) with that of clasts from 4100 ka debris avalanche deposits reveals similarities, but also some distinct differences in melt generation and crystallization conditions. Within single rock samples plagioclase crystals show a variety of textures and variations in compositions (Fig. 2,  Table 2 ), which are likely to indicate that the plagioclase population in any particular rock could be derived from a variety of sources and have crystallized over a range of physical and compositional conditions. Features such as reverse zoning and resorption in plagioclase crystals suggest mixing of magmas or possibly the presence of xenocrystic plagioclase derived from crustal rocks with which the host magma interacted. Variations in composition reflect changes in melt composition (including water content), depth (pressure) and temperature. Plagioclase phenocrysts with more potassic (Or-rich) rims and interstitial Or-rich plagioclase occur in the younger (58 ka) Taranaki volcanic rocks (Fig. 2a) , and these features are interpreted to reflect higher K 2 O contents of the residual melt at advanced stages of crystallization. No Or-rich plagioclase was found in the old debris avalanche sample suites, with Or 6 being the most potassic composition observed. This is consistent with the less potassic whole-rock and glass compositions of the older sample suites and increasing K 2 O contents of the Taranaki magmas with time. In contrast, the older debris avalanche clasts (in particular, samples from the Motunui Formation) contain a greater proportion of plagioclase with higher An contents compared with the young eruptive rocks, reflecting crystallization at higher pressures and thus derivation from a greater depth (Fig. 2c) .
Clinopyroxene data for clasts from debris avalanche deposits overlap with those of the young (58 ka) Taranaki eruptive rocks but show a slightly wider compositional range ( Fig. 3a and c) . More importantly, the Motunui and to a lesser extent the Okawa rocks contain a larger proportion of low-Wo, high-En clinopyroxene compared with the young Taranaki volcanic rocks (Fig. 3c) . This reflects the broader compositional range of the host magmas, including more primitive compositions, and could also indicate crystallization over a wider range of pressures and temperatures (e.g. wider range in Al contents). Orthopyroxene is a rare component of the Taranaki rocks Turner et al., 2008a) . It occurs as microphenocrysts and more Fe-rich acicular orthopyroxene in the young (58 ka) Taranaki rocks and has been interpreted by Stewart et al. (1996) to indicate high silica activity in the host melts. Orthopyroxene crystals occurring in the debris avalanche samples are mantled by clinopyroxene and show En contents equivalent to those observed in the microphenocrysts of the young (58 ka) Taranaki eruptive rocks (Fig. 3a) . One possibility is that the orthopyroxene cores are remnants of crystals formed at lower P H2O , with the overgrowths formed by reaction with more hydrous derivative melts . Less magnesian orthopyroxene rimming olivine in basalt clasts from older debris avalanche deposits are likely to have formed in more differentiated, more silica-rich melts.
As is the case for clinopyroxene, amphibole has a wider compositional range in the 4100 ka rocks than has been described for the young (58 ka) Taranaki volcanic rocks Platz et al., 2007a; Turner et al., 2008a Turner et al., , 2008b . In particular, Al and Ti contents show more variation (Fig. 4a) , which could reflect either the broader range of melt compositions or different pressure conditions or both. The abundance of amphibole compositions with higher Al VI and lower Ti in the older sample suites could reflect crystallization at higher P H2O (Foden & Green, 1992) or higher total pressure, indicating a greater depth of formation. In contrast, the mostly high-Ti and low-Al VI amphibole compositions of the younger (58 ka) Taranaki eruptive rocks (Fig. 4) indicate significantly shallower crystallization (e.g. Price et al., 1999; Platz et al., 2007a) . Al in amphibole geobarometry is not strictly applicable to Taranaki andesites; the complete mineral assemblages required for most of these geobarometers are not present in the Taranaki andesites. However, application of four other geobarometers (Hammarstrom & Zen, 1983; Hollister et al., 1987; Johnston & Rutherford, 1989; Schmidt, 1992) to amphibole compositions in the Okawa debris avalanche deposit gives pressure estimates of between 0·5 and 0·9 GPa, equivalent to depths of the order of 15^30 km.
The composition and grain size of titanomagnetite from the 4100 ka debris avalanche clasts is similar to that observed in the young (58 ka) Taranaki eruptive rocks, indicating equivalent conditions and processes of crystallization (Fig. 5) . In both cases, an earlier titanomagnetite crystal population formed at greater depth under higher fO 2 and is represented as inclusions in, or as microphenocrysts clustered with, olivine and magnesian clinopyroxene. These titanomagnetite crystals are characterized by higher Mg and Al contents and lower ulvo« spinel proportions than the groundmass crystals, which crystallized at shallower crustal levels and under lower fO 2 conditions Turner et al., 2008b) .
Olivine in the debris avalanche sample suites shows characteristics similar to those observed in the olivine of the young (58 ka) Taranaki rocks, but typically has higher forsterite contents indicating crystallization at greater depth (Fig. 6) . The most forsteritic olivines in the young Taranaki lavas were interpreted by Stewart et al. (1996) to represent xenocrysts incorporated from the lithospheric mantle. In the debris avalanche clasts larger olivine crystals are mantled by clinopyroxene and some contain chromite inclusions. Very low CaO contents in Mg-rich olivine cores, especially in chromite-bearing ones, are consistent with crystallization at high (P 415 kbar) pressures (Stormer, 1973; Finnerty & Boyd, 1978; Jurewicz & Watson, 1988) . In contrast, the more Fe-rich olivines in debris avalanche clasts are typically smaller and their higher CaO contents suggest that they formed at lower (possibly crustal) pressures (Jurewicz & Watson, 1988; Stewart et al., 1996) .
We interpret the geochemical and mineralogical variation within the Taranaki rocks to reflect a broadly two-stage magmatic system operating beneath the volcano. Much of the magmatic differentiation occurred within the lower crust, from whence melt^crystal mixtures subsequently rose to recharge a mid-crustal system. There is geophysical evidence to support the hypothesis of a mid-crustal magma storage system. Sherburn et al. (2006) interpreted seismic data from beneath Taranaki province to indicate the presence of igneous intrusions beneath the Taranaki volcanoes at depths of 10 km. Further fractional crystallization, magma mingling and mixing at shallow levels overprinted magma characteristics developed deeper in the system Stewart et al., 1996; Price et al., 1999; Turner et al., 2008a) . Lavas erupted at the surface are mixtures of mineral assemblages and melts generated through polybaric fractional crystallization, crustal melting and crustal assimilation taking place in a dispersed plumbing and storage system beneath the volcano.
Trace element abundance patterns: subduction or crustal signature?
It has been well established that subduction-related magmas have an ultimate origin in the mantle wedge above subducting slabs (e.g. Grove & Kinzler, 1986; Crawford et al., 1987; Hawkesworth et al., 1991; McCulloch & Gamble, 1991; Tatsumi & Eggins, 1995) . Transformations of mineral phases and related dehydration reactions taking place in the lithosphere of the subducting plate release fluids and these interact with the overlying mantle wedge to generate primitive basaltic magmas (e.g. Ringwood, 1974; Hawkesworth et al., 1979; Arculus & Powell, 1986; Davies & Stevenson, 1992; Tatsumi & Eggins, 1995; Schmidt & Poli, 1998; Ulmer, 2001; Grove et al., 2002; Forneris & Holloway, 2003) . Differential partitioning of trace elements between fluids and residual phases in the slab (e.g. Perfit et al., 1980; Saunders et al., 1980; McCulloch & Perfit, 1981; Pearce, 1982; Sun & McDonough, 1989; McCulloch & Gamble, 1991) produces the characteristic trace element patterns of subductionrelated magmas; depletion in Nb, Ta and other HFSE is argued to arise from the immobility of these elements in slab-derived fluids (e.g. Perfit et al., 1980; Pearce, 1982; Tatsumi et al., 1986; McCulloch & Gamble, 1991; Saunders et al., 1991; Brenan et al., 1995; Tatsumi & Eggins, 1995; Keppler, 1996) and relative enrichment of Pb has been specifically related to the involvement of subducted sediment (e.g. Plank & Langmuir, 1993) .
Trace element abundance patterns in all analysed Taranaki volcanic rocks, including clasts from the debris avalanche deposits, show the characteristics commonly expected of subduction-related magmas, including relatively high concentrations of LILE such as K, Rb, Cs and Ba, as well as LREE and Th, and relative deficiencies in Ta, Nb, Zr and Hf (see Fig. 10 ). Price et al. (2007a) have, however, noted that although these trace element characteristics are commonly interpreted to reflect interaction between melts or fluids from the subducting slab and the depleted mantle wedge, they also characterize continental crust. Hence, magmas that evolved through assimilation and fractional crystallization (AFC; De Paolo, 1981) processes in complex dispersed crustal storage systems feeding continental volcanoes should be anticipated to manifest a subduction or 'arc'-like signature. In this respect it is noteworthy that within the New Zealand^Tonga arc, along the SW margin of the Pacific plate, the subduction signature is strongest in volcanic rocks erupted through continental crust; it is more strongly expressed in the North Island volcanoes of Taranaki and Ruapehu than in the oceanic Tongan and Kermadec volcanoes (Fig. 13) .
Typically, Taranaki andesites show a stronger subduction or crustal signature than the basalt samples, with greater enrichment of LILE over HFSE and N-MORB and a narrower range of trace element concentrations. Also, some of the oldest, most primitive rocks display a more subdued subduction or crustal signature (Fig. 14) ; they are relatively less enriched in LILE and have lower K/Nb and Pb/Ce ratios. The oldest sample suites from Taranaki have relatively lower ratios of K/Nb that gradually increase with decreasing age, with the youngest eruptive rocks showing the strongest depletion of Nb (Fig. 15) . The ratio of Ce/Pb decreases with decreasing age, corresponding to the increasing enrichment of Pb over Ce. These trends indicate that either the influence of slab-derived fluids becomes more dominant with time, or there has been a progressive increase in the degree to which magmas have interacted with the crust. The major and trace element composition of one particular andesite sample from the Ngaere Formation (AZ06-83) warrants special comment. This rock has the lowest contents of FeO tot , CaO, MnO and MgO observed and is characterized by a relatively flat REE profile with low abundances of LREE and unusually high concentrations of HREE that are similar to N-MORB (Fig. 14a) . Despite these differences, it still has trace element characteristics indicative of a subduction or crustal component with strong enrichment of LILE relative to N-MORB, depletion of Nb relative to K and U, and enrichment of Pb relative to Ce (Fig. 14b) . The characteristics of this rock might reflect not only a different source for the parental magma but also larger degrees of interaction with crustal rocks. In addition, the sample is characterized by an almost aphyric texture, hence the lower contents of FeO tot , CaO, MnO and MgO relative to other andesite samples could be interpreted to indicate that other andesites may contain cumulate clinopyroxene and/or plagioclase.
Basaltic rocks and variation in mantle sources
Very few of the young (58 ka) Taranaki lava flows have basaltic compositions and none of these basaltic compositions has the characteristics of a primary magma; in all cases Mg-numbers are 557 and Ni abundances 550 ppm . Among the volcanic clasts analysed from the Taranaki debris avalanche deposits eight basalts have been identified. These have Mg-numbers ranging between 47 and 59 and Ni contents between 22 and 122 ppm. Compared with other analysed Taranaki samples from both debris avalanche deposits and young (58 ka) volcanic rocks, the basalts from the debris avalanche flows tend to show overall lower abundances of Ba, Pb, Th, U and the LREE and a wider range in HREE, Zr and Y abundances (Fig. 14a^f) . In addition, some of these rocks have lower Al 2 O 3 and higher TiO 2 , MgO, Cr and Ni abundances than all other analysed Taranaki samples (Figs 8  and 9 ). They are clearly distinguished on a Ce/Yb vs Nb/ Yb diagram, where they plot outside the field defined by other Taranaki volcanic rocks (Fig. 13) .
On a 143 Nd/ 144 Nd vs 86 Sr/ 87 Sr diagram, the Taranaki volcanic rocks define a field that overlaps with TVZ basalt compositions and extends between the Kermadec^Tonga arc and Ruapehu data (Fig. 11e) . Price et al. (1999) argued that lower 86 Sr/ 87 Sr and higher 143 Nd/ 144 Nd ratios for Taranaki eruptive rocks indicate derivation of the parental magmas from a more depleted mantle source than is the case for Ruapehu. Three of the basalt samples from the debris avalanche deposits (AZ04-06, -27 and AZ06-73) have isotopic compositions that plot within the Kermadec^Tonga field and are distinct from the rest of the Taranaki debris avalanche suites as well as younger (58 ka Pb/ 204 Pb values that are slightly higher than those obtained for other debris avalanche deposit and young (58 ka) Taranaki eruptive rocks (Fig.11f and g ).
We have used some of the compositions of the basaltic samples from the debris avalanche deposits to model possible mantle source compositions. We have assumed that basalt compositions with the highest Mg-numbers are closest to primary magmas and that they have been modified by fractional crystallization dominated by olivine. In the first stage of our models (Table 6 , A) we have added olivine back into the analysed composition until the composition has attained an Mg-number of 66. The olivine was added in 5 or 2% steps with the equilibrium olivine composition . Taranaki ring plain and edifice sample data from Price et al. (1999) , Platz (2007) and Turner (2008) . Ruapehu data from Gamble et al. (1993 Gamble et al. ( , 1999 and Waight et al. (1999) . Kermadec^Tonga arc data from Ewart et al. (1998) . calculated assuming a K d of 0·3 (Sisson & Grove, 1993) . In the second stage of the model we have adopted the approach of McKenzie & O'Nions (1991 . Assuming that the mantle source had a TiO 2 content of the depleted mantle, that Ti is perfectly incompatible and that the primary melts were generated by batch melting, we have calculated the degree of melting required to generate the model melt obtained from the olivine addition calculation. We use this and the model primary melt composition to estimate the trace element composition of the mantle source for each basalt (Table 6 , B). The results of these models are summarized graphically in a normalized extended trace element plot (Fig. 16) , where comparisons are also made with mantle sources calculated by the same process for a primitive TVZ basalt (the Kakuki basalt of Gamble et al., 1993) and a Kermadec basalt (from Rumble seamount; Gamble et al., 1995) .
The models are interpreted to show that the variability in the composition of basalts from the Taranaki debris avalanche deposits could reflect both different degrees of partial melting within the mantle and heterogeneity or variability in the mantle source composition. For example, the source for basalt AZ06-68 is more strongly depleted in Nb relative to K than is the case for the source for basalt AZ04-04 (Fig. 16 ) and this could indicate a weaker subduction-related input into the source for the latter.
Comparison with TVZ and Kermadec basalts indicates that basalts from the Taranaki debris avalanche deposits are derived from a more enriched source, although for all basalts the mantle is strongly depleted in HREE, Yand Zr (Fig. 16) . The variability in LILE enrichment among the basalts cannot be explained by variable degrees of melting affecting a common, uniform mantle source. For example, the abundances of K 2 O in the calculated primary melt compositions do not correlate with the melt fraction calculated on the basis of assuming mantle sources with the same TiO 2 content (Table 6 ).
The trace element abundance patterns calculated for the model mantle sources for the older Taranaki basalts have features commonly interpreted to indicate the involvement of a fluid or melt derived from components within a subducting slab. These include an overall enrichment of LILE relative to N-MORB, enrichment of Pb and Sr relative to Ce, and depletion of Nb relative to K. There is, however, no way of knowing when this subduction signature was imposed and, given the uncertainty about whether or not the subducting Pacific Plate has been identified directly beneath Taranaki (see above), the possibility exists that the geochemical composition of the Taranaki basalts in part reflects the presence of an ancient subduction component in the mantle beneath Taranaki province. In this regard, the geophysically based tectonic models developed by Stern et al. (2006) are of interest. They proposed that high-K volcanism in the Taranaki Province is related to lithospheric delamination, which is the last of three stages in the tectonic evolution of the western North Island of New Zealand. During the first stage, plate convergence over a period from 25 to 5 Ma before the present day (BP) thickens the lithosphere. In the second stage, which began 10 to 5 Ma BP, convective thinning by a developing Rayleigh^Taylor instability is associated with tectonic extension and downwelling of the mantle lithosphere. Around 5 Ma BP the downwelling lithospheric mantle detached, with consequent uplift of the thinned lithosphere. Upward flow of the asthenospheric mantle around the detached, delaminated lithosphere resulted in decompression melting. This model can be used to explain the development of volcanoes in the Taranaki Province over the past 2 Myr, as well as the source heterogeneity we have modelled for the basalts of the Taranaki debris avalanche deposits. Of particular importance is the implication that the subduction-like features observed in the trace element abundance patterns of the Taranaki basalts may not necessarily be related directly to present-day subduction.
The genesis of Taranaki andesites
Models for the generation of andesite magmas have focused on two main processes: (1) magma differentiation through fractional crystallization in shallow crustal magma chambers (e.g. Sisson & Grove, 1993; Grove et al., 1997; Pichavant et al., 2002) or in the lower crust at or close to the Moho (Mu« ntener et al., 2001; Annen & Sparks, 2002; Mortazavi & Sparks, 2004; Prouteau & Scaillet, 2003; Turner et al., 2008a) ; (2) partial melting of older crustal rocks (e.g. Smith & Leeman, 1987; Atherton & Petford, 1993; Tepper et al., 1993; Rapp & Watson, 1995; Petford & Atherton, 1996; Chappell & White, 2001; Izebekov et al., 2004) . (Sisson & Grove, 1993) . K d for Ni in olivine assumed to be 10 (Ewart & Hawkesworth, 1987) . Trace element compositions of primary melts are calculated from original compositions assuming that all trace elements listed are perfectly incompatible in olivine. (B) Mantle source composition calculated by method of McKenzie & O'Nions (1991 . Depleted mantle is assumed to have a TiO 2 content of 0·17% and melt fraction is calculated from primary magma composition by assuming that Ti is perfectly incompatible and that residue after melting is 60% olivine, 30% orthopyroxene and 10% clinopyroxene. Trace element composition of mantle source is calculated assuming batch melting with partition coefficient data taken from Halliday et al. (1995) and Ewart & Hawkesworth (1987) . Annen et al. (2006) developed a model that combines the 'MASH' (melting, assimilation, storage and homogenization) concept of Hildreth & Moorbath (1988) with underplating (see Huppert & Sparks, 1988; Bergantz, 1989; Raia & Spera, 1997; Petford & Gallagher, 2001; Jackson et al., 2003) , basalt differentiation at high pressures (Gill, 1981; Grove et al., 2002) and lower crustal AFC (DePaolo, 1981) . They proposed that at the deep crustal levels of subduction-related magmatic systems, repeated intrusion of mantle-derived, hydrous, high-Mg magmas into the lower crust gradually raises the geothermal gradient, resulting in the formation of a lower crustal 'hot zone' . The hot zone is postulated to evolve into a layered mixture of partially crystallized basalt, partially molten crustal rocks and volatiles derived from the solidifying basalt intrusions. In this environment, silicic and intermediate magmas are generated by incomplete crystallization of the intruded basaltic material (Annen & Sparks, 2002; Prouteau & Scaillet, 2003) and dehydration partial melting of earlier, partly crystallized basalt intrusions and/or meta-basalts (amphibolite), driven by repeated intrusion of new hot mantle-derived magma (Smith & Leeman, 1987; Annen & Sparks, 2002; Price et al., 2005) and accompanied by crustal assimilation (DePaolo, 1981; DePaolo et al., 1992) . The rate of melt production and hence the composition of magmas that ascend to upper crustal levels is controlled by the intrusion rate and depth of emplacement of mantle-derived basalts, the prevailing geothermal gradient and volatile content in the lower crust (Annen et al., 2006) .
The deep crustal hot zone and MASH models were developed on the basis of regional scale studies of continental volcanic arcs and they may not therefore be directly applicable to isolated andesite volcanoes such as Taranaki. There are, however, aspects of these models that when scaled down are relevant to models for the Taranaki magmatic system. To explain the chemistry and mineralogy of young (58 ka) Taranaki andesites, Stewart et al. (1996) and Price et al. (1999) put forward a model that foreshadowed several aspects of the 'hot zone' concept. The model is also applicable to the andesite magmas represented by clasts in the Taranaki debris avalanche deposits and explains the following features of clast chemistry and mineralogy: (1) basalt clasts with relatively primitive high-Al compositions and isotopic and trace element characteristics indicative of derivation from a heterogeneous mantle source; (2) a spectrum of andesitic compositions showing geochemical (major and trace element) and mineralogical variation consistent with fractional crystallization; (3) textures and variations in mineral compositions indicating disequilibrium; (4) the presence of amphibolites and gabbroic clasts derived from crustal sources; (5) time-related changes in major and trace element abundance patterns and isotopic compositions; (6) geophysical evidence for crustal magma storage (e.g. Sherburn et al., 2006) .
Primitive Taranaki magmas originated as low-degree (520%) partial melts from a heterogeneous mantle source. The heterogeneity is likely to have arisen from variable degrees of metasomatism (fluid or melt) of a depleted (lherzolite) mantle source. These primary magmas were silica-undersaturated, relatively hydrous, oxidized, highMg basalts that are not represented in unmodified form Table 6 and the text. Data used to calculate the Kakuki and Rumble mantle source compositions are from Gamble et al. (1993 Gamble et al. ( , 1995 . among the young (58 ka) Taranaki volcanic rocks or older debris avalanche clasts. High-Mg basaltic magmas generated in the mantle ponded at the crust^mantle boundary, where they evolved from high-Mg compositions to high-Al basalts through a combination of fractional crystallization involving olivine, clinopyroxene, titanomagnetite and amphibole (see Foden & Green, 1992) . Some high-Al basalt melts rose to the surface, evolving along the way to basaltic andesite and/or low-Si andesite through continued fractionation of olivine, clinopyroxene and eventually plagioclase. Rare drier melts crystallized plagioclase and orthopyroxene.
The time-related variations in K 2 O abundance and isotopic composition are likely to indicate a progressively more significant crustal input over time. Fractional crystallization was accompanied by crustal assimilation, both in the lower crust and at shallower levels. Ascending basaltic andesite magmas entrained wall-rock xenoliths that were to varying degrees melted and resorbed into the magma. These mixtures of melt and crystals (including possibly upper mantle^lower crust 'xenocrysts' such as magnesian olivines, olivine^chromite clusters, clinopyroxene and titanomagnetite cumulates, as well as calcic plagioclase cores) rose to higher levels in the upper crust where they accumulated in small, high-level magma chambers. Further fractionation of plagioclase and late-stage amphibole occurred at these lower pressures, and in the young (58 ka) high-Si andesites these phases were eventually joined by biotite and possibly orthopyroxene .
The complex interplay of fractional crystallization, crustal assimilation, crystal accumulation, magma mingling and mixing resulted in the formation of crystal-rich, relatively hydrous, evolved magmas .
The evolution of the Taranaki magmatic system
The compositional variation and temporal geochemical changes observed in the Taranaki eruptive rocks, particular the K 2 O behaviour, reflect gradual changes in the chemistry of the parental magmas and the nature of the processes taking place in the crust. First, heterogeneities in the mantle source and possibly changes in the degree of partial melting in the mantle wedge controlled the chemistry of the primary magmas feeding into the Taranaki magmatic system. With time, these changes, together with increasing modification in the crust, generated a more significant subduction or crustal trace element signature, with a concomitant dilution of the influence of the depleted mantlewedge component. Second, continuous intrusions of hot primary magma and associated progressive underplating of amphibole-bearing lower crust raised the geothermal gradient, leading eventually to crustal anatexis. Interaction of mantle-derived magmas with partially melted lower crust involved AFC processes and consequently, over time, the eruptive rocks became increasingly more potassic (Price et al., 1992 Stewart et al., 1996 ; see also Dufek & Bergantz, 2005) .
The sample suites from each of the debris avalanche deposits are dominated by basaltic andesites and andesites, with basalts being restricted to the oldest units and the Ngaere Formation. Relatively unmodified basaltic magmas were able to reach the surface during the earliest stages of the development of the Taranaki magmatic system, but with progressive magma accumulation and anatexis in the lower crust and the evolution of a more complex magma storage and plumbing system higher in the crust, the likelihood of mantle-derived magmas passing through without significant processing became very much reduced. Annen et al. (2006) noted the scarcity of mantle-derived magmas in mature arc systems and sought to explain it through the filtering effect of deep crustal hot zones.
An implication of the deep crustal hot zone model is that a wide range of melt compositions is produced when magma is stored and evolves over a wide range of depths; that is, the thicker the crust the greater the potential diversity of melt compositions (Annen et al., 2006) . The broader range of erupted magma compositions observed in the Taranaki debris avalanche sample suites, including more primitive melts, is also reflected in the compositional variety of the mineral phases. Compared with the young (58 ka) Taranaki eruptive rocks, the volcanic clasts in the debris avalanche deposits contain clinopyroxene with a wider range of En-contents and the mafic minerals are richer in iron. The compositional range of hornblende is also broader in the older debris avalanche clasts and includes a higher abundance of early formed compositions with higher Al 2 O 3 and lower TiO 2 . Fresh, euhedral olivine is more abundant than in the young (58 ka) Taranaki eruptive rocks and phlogopite occurs in some of the debris avalanche clasts. The occurrence of these mineral phases reflects the immature state of the early magmatic system at the time of eruption of the volcanic rocks now represented in the debris avalanche deposits; the lower crustal hot zone had not fully developed. With time magma accumulated in storage reservoirs at various crustal levels and consequently fractional crystallization was taking place over a wide spectrum of pressure and temperature conditions, with more extensive fractionation of high-pressure mineral phases occurring at greater depth.
With time the debris avalanche sample suites show a gradual increase in the abundances of K 2 O and most LILE as well as a shift to more evolved compositions. The trend of increasing K 2 O contents with time is also reflected in the mineralogy of the Taranaki rocks. The occurrence of Or-rich plagioclase in the young (58 ka) Taranaki volcanic rocks is attributable to the high K 2 O content of the residual melts during late-stage crystallization . Its absence from the Motunui and Okawa samples indicates that the early magmas were significantly less potassic. As a lower crustal hot zone evolved beneath Taranaki, the geothermal gradient gradually rose, leading to increased partial melting of previously crystallized basaltic intrusions and amphibolitic lower crust. Increasingly higher proportions of remelted amphibolite, in addition to residual melts from crystallizing intrusions, generated the progressively more evolved, potassic and LILE-enriched compositions observed within the Taranaki debris avalanche sample suites.
With increasing maturity of the volcanic system, more primitive compositions became less common as more primitive melts were trapped in the lower crust where they were modified through crystallization and mixing with more silicic melts. In addition, the increasingly complex crustal structure with a more dispersed plumbing system resulted in magma assembly and storage at different mid-to shallow crustal levels, where the melts were further modified by fractional crystallization, magma mingling and mixing Stewart et al., 1996; Turner et al., 2008a) . The interplay of these processes resulted in a gradual shift to more evolved and potassic compositions with increasing maturity of the Taranaki volcano. The greater abundance of evolved high-silica compositions in the young eruptive rocks is also reflected in the composition and occurrence of some late-stage mineral phases that typically form at shallower depth under lower pressures. Very few hornblende compositions in the old debris avalanche clasts have the higher TiO 2 and lower Al 2 O 3 contents characteristic of late crystallization at upper crustal levels. Biotite is rare in the old samples and occurs only in the more evolved rocks, whereas Fe-rich groundmass orthopyroxene is either completely absent or very rare.
Hot zone development and the magmatic plumbing system beneath Taranaki
In the early stages of hot zone development, mantlederived basaltic melts intruded into a colder, less complex crust (Fig. 17) . Less interaction with the colder crust resulted in less modification of the magma through dehydration partial melting of earlier intrusions or crustal assimilation. Melts were emplaced at various levels into the c. 22^25 km thick crust beneath Taranaki (Stern, 1987; Sherburn & White, 2005; Sherburn et al., 2006) , producing a wide range in compositions with a large scatter in most major and trace elements, in particular HFSE and LREE, and a broad range of mineral compositions. Early products also included more primitive basalts with a less diluted mantle component.
As the volcanic system evolved, continuous intrusion and crystallization of mantle-derived hydrous magmas in the lower crust resulted in a thickening zone of underplated, amphibole-bearing material and a rising geothermal gradient. Temperatures eventually rose high enough to cause partial melting of the amphibolitized crust, with the consequent formation of magmas enriched in K 2 O and LILE. Mantle-derived melts became trapped and modified at similar levels within the hot lower crust, resulting in a more evolved, homogenized range of compositions and trace element patterns. Only these more evolved magmas were buoyant enough to rise through the progressively more complex crustal plumbing and magma storage system at mid-and shallow-crustal levels.
The last 10 kyr of magmatism at Taranaki involved two evolutionary stages (Fig. 17) . Processes in the lower crustal hot zone produced magmas modified by crustal melting and AFC and these were further modified higher in the crust by fractional crystallization of late-stage, lowpressure mineral phases and by magma mingling and mixing during recharge events. Prior to eruption, andesitic magmas that segregated from the lower crust are believed to have been stored and differentiated within the Tertiary sandstone and mudstone basement at depths of 6^7 km, whereas more mafic basaltic and basaltic andesite magmas stalled at deeper levels (up to 10 km) within greywacke basement (Turner et al., 2008a) .
The geochemical and mineral chemical data presented here are consistent with the multi-stage model developed by Stewart et al. (1996) and Price et al. (1999) , and they provide evidence that a lower crustal hot zone (see Annen et al., 2006) had developed at Taranaki prior to the onset of the earliest volcanism. Geophysical studies of the subvolcanic basement (Sherburn & White, 2005) have identified a zone of higher heat flow beneathTaranaki, which is interpreted to contain melt. This region currently extends from the lower crust at c. 25 km up to 10^7 km depth, which may represent the natural buoyancy limit for lower-crust generated magmas. A further implication of the hot zone model for Taranaki is that the crust has been significantly thickened by continuous emplacement of mafic magma from the mantle. Melt extraction from this underplate will result in the formation of residual dense mafic cumulates, which can eventually lead to delamination and recycling of the lower crustal underplate and possibly lithospheric mantle into the less dense underlying mantle (Kay & Kay, 1993; Jull & Kelemen, 2001) .
C O N C L U S I O N S
Debris avalanche clasts provide the only means of evaluating the early activity of long-lived stratovolcanoes that have been affected by cyclic construction and collapse events. This new sampling method has been applied to Taranaki to gain unique insights into the early magmatic history of the volcano.
Taranaki has evolved into a high-K andesite magmatic system over a period of $200 kyr. In addition to the progressive enrichment in K 2 O and LILE, temporal trends observed within the debris avalanche sample suite indicate a gradual shift to more evolved magmas. All eruptive rocks show similar subduction signatures.
These new data support a model for magmatic evolution whereby mantle-derived basaltic magmas were modified in the crust through a combination of fractional crystallization and assimilation of partially melted lower crust. Repeated intrusions of primitive melts into the lower crust gradually raised the geothermal gradient, resulting in the development of a small-scale, lower crustal, 'hot zone' . As the hot zone evolved, larger proportions of the lower crust were partially melted. Interaction of these crust-derived magmas with fractionating primitive magmas generated the progressively more potassic and LILE-enriched compositions observed within the Taranaki debris avalanche sample suites.
Older sample suites include relatively unfractionated basalts with higher MgO, Cr and Ni contents. The trace element distribution patterns of these samples show the most subdued subduction-related trace element signature observed at Taranaki. They represent more primitive magmas that were able to rise through the crust without intense modification during the early stages of the development of the magmatic system. The compositional variations of these more primitive compositions also reflect a heterogeneous mantle source for primary Taranaki magmas. 
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